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Abstract—Minimizing leakage is essential for low power SRAM opera-
tion in the sub 90 nm regime. This work employs an implicit voltage reduc-
tion technique to SRAM, aimed to reduce leakage power expended during
sleep mode. By stacking SRAM blocks, the voltage on each block is low-
ered close to the data retention voltage (DRV) of each cell - reducing leakage
power by as much as 90% from the active power mode. Simulation results
show the stability of the scheme around corners and process variations.

I INTRODUCTION

The influx of portable media devices has sparked the need for
novel low-power integrated-circuit design techniques aimed to
increase product battery lifetime. Many of such techniques are
applied towards SRAM, as these memory structures often oc-
cupy more than 50% of the die area, and consume excessive
amounts of leakage power, even when idle. In recent years,
power modes have proven effective in reducing the impact of
both dynamic and leakage energy in such deep submicron tech-
nologies. Such techniques include reducing Vdd [1] [2], body-
biasing [3], using multi-threshold CMOS [4] [5], and employing
different SRAM cell structures [6] among many others.

Reducing Vdd is often employed as a power saving technique
in SRAM banks. Scaling Vdd is typically achieved using a
DC/DC converter, however overhead losses are accrued from the
converters area and static power consumption. Implicit power
conversion schemes [7] have recently been introduced for power
delivery in order to reduce power supply currents. This work
proposes to use a similar implicit power conversion scheme to
reduce Vdd across an SRAM bank during standby mode, without
the need for an explicit DC/DC converter.

The implicit power conversion technique works by “stacking”
multiple SRAM banks in series, such that a voltage is divided
between the blocks much like a resistive divider. This stacking
is only applied during standby mode, so the SRAM banks oper-
ate at full Vdd while reading/writing during active mode. This
allows for ultra-low voltage operation during standby, while still
maintaining a high-performance level during active mode. Sim-
ulated results are presented through this work, using the 65nm
PTM library to show performance at a current technology node.
Results examine the overall power savings, the performance loss
due to stacking multiple banks, any noise introduced as a result
of the technique, and variation impacts on final design decisions.

II STACKING SRAM BANKS TO REDUCE LEAKAGE

The linear leakage power reduction with scaling provides
large incentives to develop efficient methods to reduce voltage
with minimum accrued overhead. DC/DC converters are typi-
cally used to achieve this reduced Vdd value. Common on-chip
converters are the switch-capacitor (SC) and the buck converter.
Several recent works have explored the design of efficient, ultra-
low-power, and low-voltage DC/DC converters, and generally
achieve these results in the efficiency range of 80 to 85 percent
[2], [8].
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Fig. 1. Stacked SRAM where in active mode Slp = ‘0’ and the SRAM is fully
powered; in sleep mode Slp = ‘1’ and the banks see half Vdd.

The intrinsic difficulty with DC/DC converters is they are de-
signed to be efficient within a specified output load range. Fur-
thermore, as this output load decreases, it becomes much more
difficult to achieve such a high efficiency. This stems from
the static control components, and dynamic switching compo-
nents that consume some baseline energy regardless of the de-
sign topology. These low loads are becoming increasingly im-
portant particularly as designs scale to adapt to scavenged and
harvested energy sources. The Phoenix processor, recently in-
troduced in [9], employs SRAM memories as small as 260 bytes
that are designed to operate near .5V. It is particularly difficult to
build an efficient DC/DC converter in these output load ranges.

The stacked SRAM design in this work presents a simple way
to achieve a reduced Vdd that does not require drastic design al-
terations based on SRAM size, and can provide high efficien-
cies at ultra-low loads. Fig. 8 shows a block diagram of the
“stacked” SRAM employing the implicit power conversion tech-
nique. During active mode, Slp = ’0’ and the two SRAM blocks
are supplied with full Vdd. When entering standby mode, the Slp
signal goes high, and the ground node of the upper block is con-
nected to the Vdd node of the lower block. The total Vdd is now
shared between the upper and lower banks, and thus the voltage
across each bank is “implicitly” reduced to 1

2 ·Vdd.
In practice, it is possible to stack more than two SRAM banks,

and the stacking limitations are discussed throughout the remain-
der of this work. These limits largely stem from the data re-
tention ability of the SRAM arrays. Furthermore, this design
method must preserve the speed of the SRAM around process
corners and variations. Therefore, the mechanisms used to im-
plement the stacked banks need to be “transparent” during active
mode, and robust to noise and on-chip variability. The next sec-
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Fig. 2. Power switch consists of Vdd and ground header switches, and a trans-
mission gate connecting the SRAM banks during sleep.

tions delve deeper into the stacking design concept, exploring the
bank configurations, power switch requirements, and the impact
of noise and variations on the final implementation.

III STACK CONFIGURATION AND POWER SWITCH DESIGN

A Power Switch Design

The block diagram in Fig. 8 just shows a basic switch con-
necting the upper and lower SRAM banks during sleep. Fig. 2
elaborates on this switch, showing the detailed power switch de-
sign. The design is straightforward, consisting of a transmission
gate connecting the two SRAM banks in sleep, and three tran-
sistors per rail to connect the SRAM to full supply during active
mode. The reason three transistors are given per supply is to let
the user adjust the amount of current supplied to the SRAM post-
fabrication. The user can enable/disable signals ctrl1 through
ctrl6 to allow more/less current to flow into the SRAM.

It is important to note that the power switches only connect the
bit cell arrays together during sleep, not the peripheral circuitry
such as the word-line drivers, decoders, pre-charge circuits, and
sense amps. Only connecting the bit cell arrays together dur-
ing sleep reduces the current delivery requirements on the power
switches during active mode, as is elaborated on in the following
sections.

The power switches control the current delivery to the cell ar-
ray during both active and sleep modes. The size of the switches
impacts the noise seen on these virtual supply rails, and the read
speed of the SRAM. The write speed is largely unaffected since
the write circuits forcibly overwrite the cell contents, which is
driven from the write-driver power supply. The read speed can
be impacted since the bit-cell must discharge the bit-line during
a read. However fortunately during reads, only one row is acti-
vated at a time, largely reducing the load on the power switch. At
the switch sizes examined in this work, simulation results gener-
ally show the speed reduction to be less than .5%.

Under dynamic activity, the virtual rails supplying current to
the bit cells become noisy. There is a clear tradeoff between
the size of the power switch and the noise seen on these virtual
rails. Fig. 3 shows this tradeoff through simulation, comparing
the area of the switches to the noise generated in various sizes of
SRAM banks. This simulation is performed considering a two
bank stack at the annotated sizes (i.e. each bank is 64kb). It
is clear that for small banks, not much switch area is needed to
keep noise to a minimum, however with increasing size, large
switches are necessary to shunt the active mode current. Addi-
tional studies show that adding extra decoupling capacitance will
also help decrease this noise, and may become necessary for very
large banks [10].

The next section will briefly outline the ideas for power-down
options for the decode circuitry. The focus on this work remains
on the bit-cell leakage, however the ideas proposed will be stud-
ied into the future.
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Fig. 3. Noise compared to power switch size. Size is shown per transistor, i.e.
80µm means both PMOS and NMOS headers are 80µm.

B Reducing Power in Peripheral Circuits

An SRAM is primarily comprised of the bit-cell array, pre-
charge cells, row decoder, column decoder, and write/sense cir-
cuits. To this point, we have only considered stacking to reduce
leakage within the bit-cells, however this section looks at power-
down options for the peripheral circuits.

To begin, it is possible to stack the bit-cell array and all of the
peripheral circuits with the same power switch shown in Fig. 2.
This would reduce Vdd on every SRAM circuit during sleep, so
what makes this option unattractive? A strong first reason is that
stacking all circuits on the one power switch puts a heavy current
load on the switch during active mode. This switch would now
have to be much larger than those shown in Fig. 3 to keep the
virtual rail noise to a minimum. Furthermore, if the designer
chose to keep a smaller power switch, this increased noise is now
directly present in the bit-cell array, which could cause stability
issues to the SRAM cells.

There are several alternatives to stacking all circuits, however
this work focuses on a subset of two choices. The first examines
only stacking the bit cell arrays, leaving the surrounding circuits
to operate at full Vdd during sleep. The second scheme is a hy-
brid scheme, where the bit cell array is stacked as in the first
choice, however the decoder circuits are fully powered down us-
ing separate power header switches.

Stacking only the bit cell arrays presents the simplest solu-
tion where the peripheral circuits are left at full power at all
times. This includes the row and column decoders, and the write
circuits. Furthermore, this method eases the requirements on
the power switches necessary to provide current to the bit cells.
Since the decoders are powered on a separate supply, the power
switches only need to be large enough to handle the leakage and
small dynamic currents from the bit cells during read/write ac-
cesses.

The second method stacks the bit-cells and powers down the
peripheral decode circuits, maximizing the power savings by
completely turning the peripheral Vdd supply off during sleep.
The peripheral circuits are powered down using separate header
switches, and must be optimized for to maintain performance at
the cost of switch area. Furthermore, keepers are added to the
word-line driver outputs to ensure the word-lines are turned off
during sleep, and do not float to an unknown value when entering
or exiting sleep.

The next section begins to examine stacking more than two
banks, and the limitations on the this scheme. These sections fo-
cus primarily on stacking only the bit-cell arrays, as mentioned
in this section. Further optimizations for powering-down the pe-
ripheral circuits will be studied in the future, and similar studies
have been conducted in the past [10], [11].
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Fig. 4. A. DRV calculations for a single banks, assuming bodies are connected
to virtual rails or left floating (SOI). B. DRV distribution of upper bank when
connecting bulks to full-rail supply during sleep.

IV DRV MEASUREMENTS AND LIMITATIONS TO
STACKING

Thus far, this work focused on stacking two SRAM banks,
and conceptually understanding how this technique works. In
theory, stacking more than two banks should even further reduce
power in sleep mode, however in practice there are limitations to
stacking.

In order to safely enter sleep mode, we must ensure data reten-
tion when lowering the voltages across each SRAM bank. The
data retention voltage (DRV) is the lowest rail-to-rail voltage at
which a SRAM cell can retain its data, and is specific to the op-
erating technology and process node of the design. Furthermore,
this value heavily depends on SRAM design choices such as bit-
cell sizing and type.

The DRV is calculated in this work to ensure that the stack
scheme doesn’t interfere with data retention. All of the DRV
calculations shown here are done using a 90nm commercial tech-
nology to show the impact of more realistic variation data on
SRAM stability then allowed by the PTM device models. The
DRV of the SRAM cells is obtained by examining the static noise
margin (SNM) of each cell [12].

Fig. 4A shows the DRV distribution plotted for this 90nm
technology node considering a typical corner. The data was gath-
ered using a monte carlo simulation run over 1,000 iterations.
For this particular cell, the worst case DRV is near 200mV, which
agrees with previous data from other authors [2].

The data in Fig. 4A is taken considering the SRAM bit-cell
transistor bodies are connected to their local supply, or in other
words, the virtual rail. By connecting the bulk nodes here, and
having the bit-lines float during sleep, the leakage seen through
each SRAM bank is essentially equal. Furthermore, this means
the DRV for each bank is the same. This same result is achieved
by leaving the bodies floating as seen in Silicon-on-Insulator
(SOI) technologies.

Connecting the bit-cell bulk nodes to the full-rail power sup-
ply yields a leakage imbalance in the stack. This is illustrated
in Fig. 5, which shows an SRAM cell in both the upper bank
(A) and lower bank (B) in a two-bank stack. In the upper bank,
the local ground is approximately Vdd

2 . If the PMOS and NMOS
bodies are connected to full rail supply, then the drive transis-
tors (NMOS) become reverse body biased. This leads to a larger
threshold voltage and smaller leakage through these drive tran-
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Fig. 5. A. 6T cell in the upper block of the stack. Circled NMOS gates are
reverse body biased. B. Depicts a 6T cell in the lower block in the stack. Circled
PMOS gates are reverse body biased.
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Fig. 6. Transient simulation of two stacked 4kb banks. Plot shows the virtual
rails during active, and transitioning in and out of sleep.

sistors. A similar story happens in the lower bank, as detailed
in fig. 5B, where the local Vdd supply is now approximately
Vdd

2 . If the bodies are connected to full rail supply, the pull-up
devices become reverse body biased. The overall leakage imbal-
ance stems from the body biasing having different strength im-
pacts on the PMOS and NMOS devices. Even though the same
body bias is applied in each stack, the effective resistance change
is higher in the PMOS gates since these transistors have lower
nominal threshold voltage magnitudes.

This leakage imbalance will cause the intermediate voltage to
drift away from Vdd

2 in the previous example, and will cause the
DRV to shift at various points in the stack. This is shown in Fig.
4B, where the DRV in the upper bank decreases considerably
over the lower bank. This shift only becomes a problem if the
voltage drifts far enough to infringe on the banks DRV. This is
not problematic for two-bank stacks, but becomes very promi-
nent when stacking more than two banks.

Progressing forward in technology may also present chal-
lenges with SRAM data retention. This is shown in [13] where
considering worst case process corners, the DRV can approach
values up towards 400 mV in technology nodes beyond 90nm.
This points out that one, it should be safe to stack at least two
blocks during sleep mode, and that two, it is important to obtain
information on the DRV of the memory style and working tech-
nology in use before employing this stacking technique. From
the data in this work, and from this previous work [13], it ap-
pears that it could be safe to stack at least two banks. Stacking
more than this will be dependent upon the DRV for the particular
technology and working SRAM setup.

V RESULTS

Fig. 6 shows a transient simulation result of the virtual power
rails for two stacked 4kb SRAM banks. As discussed earlier, the
noise on the power rails is present at less than 5% of Vdd while
reading and writing the SRAM. The data outputs are not shown
here, but the SRAM performs full swing read/write operations at
approximately 350 MHz in the 65nm PTM technology.
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Fig. 7. Overall power savings of the two analyzed schemes. Shows leakage
savings during sleep between 75%− 90%.

Standby mode power results are shown in Fig. 7 for both the
bit-cell only stack, and the method when stacking bit-cells, and
powering down the peripheral circuits. In the case when power-
ing down the peripheral circuits, the peripheral header switch is
simply set to a large size so that the speed matches the case with
no peripheral power down. Fig. 7 shows a savings of between
75− 87% for the bit-cell only stack, and a savings of between
87−90% for the stacking case when powering down the periph-
eral circuits. It is illuminating to see that powering down the
decoders does not have a particularly large overall impact on the
total power savings, particularly for large memory sizes.

VI CHIP ORGANIZATION

As this work has shown promise to achieve nice power sav-
ings with low overhead, we recently sent out a chip for fabrica-
tion containing several of these stacked memory banks. Fig. 8
shows the design layout photo. The chip was designed in a fully-
depleted SOI, 180nm technology, and includes three stackable
SRAM banks. The on-chip design implements the first method
discussed, stacking only the SRAM bit cell arrays during sleep,
leaving the decoders powered. Two operating modes exist to al-
low the stacking of either two or three banks.

The power switches were designed in a tunable fashion, as is
shown in Fig. 2. The overall area of one switch is approximately
90 x 65 µm, which includes the tunable Vdd and ground power
switches, and the transmission gate to connect the SRAM bank
cell arrays together. The intended result of this chip is to empiri-
cally show how well the stacking concept works, and whether it
is practical to stack more than two banks. The hope is to further
optimize this design, and fabricate this in a cutting-edge technol-
ogy node, such as a 45nm process.

VII CONCLUSIONS AND FUTURE WORK

This work presented the idea of stacking SRAM banks to
save leakage power during standby mode. Simulations were per-
formed in the 65nm PTM technology, showing an overall power
savings of 90% during standby. Noise vs. switch area tradeoffs
were presented for the virtual supply rails.

Future work consists of optimizing the power switches for the
memory and the peripheral circuits, considering area, noise, and
possible de-capacitor insertion. Fabrication results will give con-
clusive results on enter/exit time for sleep mode, and will help
determine how many banks can be stacked during sleep.
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